Abstract. Structural defects of high density have been observed to exist in the as-cast crystalline approximants Al--Ni--Rh x and Al--Pd--Fe e 16 which contain columnar atom clusters as the most fundamental building blocks. By means of high-resolution electron microscopy (HREM), the structural and distributional features of these defects have been revealed. It is clearly shown that, accommodating structural defects of high density in the Al--Ni--Rh x-phase can lead to the formation of a unique mixed structure in which nearly regular arrangement of structural defects can be established. On the basis of HREM observations, long-range structural features of the defective x-and e 16 -structures have been discussed in terms of the characteristic arrays of columnar atom clusters.
Introduction
It is well known that crystalline approximants are structurally related to their corresponding quasicrystals. These crystalline phases have the same local structures or structural units as those in quasicrystals. Structural study of any crystalline approximant will therefore play an important role in determination of the atomic structure of its corresponding quasicrystal. A crystalline approximant is usually formed as a type of structurally-complex alloy phase with a large unit cell containing more than several hundreds or even a thousand of atoms. Due to large unit cell and structural complexity, structural defects in a structurally-complex phase can be quite different from those in an ordinary crystalline phase with simple structure (Klein, Feuerbacher, Schall and Urban, 1999) . Since structural defects in a crystalline material have a great influence on its physical and mechanical properties, understanding the structural features of unique defects in structurally-complex alloy phases is therefore an important issue. Klein et al. (1996) reported the existence of special defects of phason type in the x 0 -Al--Pd--Mn crystalline approximant subjected to high-temperature deformation, and pointed out that these defects can play an important role in plastic deformation and phase transformation. In addition, the existence of various unique defects of phason type and their various special configurations have also been found recently in the Al--Ni--Rh crystalline approximants in the as-cast state (Chen et al., 2006 .
In the present study, we report a high-resolution electron microscopy study on the defective crystalline approximants formed in the as-cast Al 75 Ni 15 Rh 10 and Al 75 Pd 15 Fe 10 alloys. Our purpose is to study the structural and distributional characteristics of the defects and to reveal the long-range structural features for the as-cast Al--Ni--Rh x-and Al--Pd--Fe e 16 -phases accommodating structural defects of high density.
Experimental procedures
Alloys with nominal compositions of Al 73 Ni 5 Rh 22 , Al 75 Ni 15 Rh 10 and Al 75 Pd 15 Fe 10 were prepared by melting high purity metals (99.99%) in an arc furnace under an argon atmosphere. In order to achieve homogeneity, each ingot with a weight of only 1-2 grams was flipped over and remelted at least six times. The specimens for transmission electron microscopy (TEM) observations were prepared by dispersing crushed ingot segments on microgrids covered with holey carbon films. High-resolution electron microscopy (HREM) observations and electron diffraction examinations were performed using both JEOL-2010F and JEOL-2010 electron microscopes operated at 200 kV. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) observations were carried out in the JEOL-2010F electron microscope equipped with a HAADF detector.
Results and discussion
Two kinds of orthorhombic Al--Ni--Rh crystalline approximants, which are respectively isostructural with the Al--Pd--Mn x 0 -and x-phases, have been observed to coexist in the as-cast Al 73 Ni 5 Rh 22 and Al 75 Ni 15 Rh 10 alloys. Figure 1(a) is a HREM lattice image taken from the adjoining Al--Ni--Rh x 0 -and x-phases along their common [010] axis. In this image, each characteristic bright-dot contrast corresponds to a kind of columnar atom cluster (Chen, Sun and Zhang, 2006) , whose cluster structure has been identified to be similar to that of the Al--Pd--Mn x 0 -phase reported by Boudard et al. (1996) . The arrangement of bright dots can form characteristic flattened hexagons with an edge length of S (S ¼ 0.77 nm) such as those outlined with white lines. Each flattened hexagon (H-unit) can be regarded as the basic structural unit for both the x-and x 0 -phases. HAADF-STEM observations have directly revealed that the H-unit is constructed with columnar atom clusters at its six vertices (Sun, Chen, Wang and Zhang 2007) . As clearly seen in Fig. 1(b) which is the schematic representation corresponding to Fig. 1(a) , H-units arrange in single one direction in the x-phase, while in alternative directions in the x 0 -phase. The Al--Ni--Rh x 0 -and x-phases can intergrow with a perfect coherency since they share structural units of the same type. In general, we can say that atom clusters can arrange with the nearest distance of S and the next nearest distance of L (¼ tS, t is the golden ratio) between them to form a hexagonal tiling structure.
On the other hand, from the view of characteristic longrange arrangement of atom clusters, one can see that a type of long-range zigzag arrangement of atom clusters (such as that indicated with black dots in Fig. 1(a) ) can be established in both Al--Ni--Rh x 0 -and x-phases along a common direction (//c x 0 -axis//[101] x ) as indicaed with a white dot line. This type of array is called as "Zigzag-array" hereafter. Geometrically, zigzag-arrays can be simply represented by straight lines with a line spacing of a x 0 /2 (¼ 11.7 nm). The other type of characteristic long-range array can be established only in the Al--Ni--Rh x-phase; it corresponds to the arrangement of atom clusters along the a x -axis direction with regular S-L intervals, such as those indicated with black lines in Fig. 1(a) . This characteristic array of atom clusters is called the "S--L array" hereafter. The x-structure can therefore be described on the basis of the parallel stacking of S-L arrays with a spacing of c x /2 (=0.73 nm). Knowing these characteristic long-range arrangements of atom clusters is useful for us to discuss and compare the long-range structures of highly-defective Al--Ni--Rh and Al--Pd--Fe crystalline approximants.
Special defects of phason type, which are related to wrong arrangements of atom clusters, were found to exist extensively in both the as-cast Al--Ni--Rh x 0 -and xphases. Figure 1(c) is the HREM image taken from an ascast Al--Ni--Rh x-phase along its [010] axis, showing the existence of planar defects such as those indicated with white arrowheads. These end-on planar defects exhibit dark contrast. They are nearly parallel to one another and divide the Al--Ni--Rh x-phase into narrow domains related with a transition vector of r ¼ ð1=ð2t
2 Þ a þ ðt=2Þ c. A close examination of Fig. 1 (c) reveals that each planar defect is consisted of various polygons joined one after the other, such as those outlined with white lines. Actually these characteristic polygons constructed with columnar atom clusters belong to a type of special linear defect extended along the [010] axis (// the axis direction of each columnar atom cluster). Unlike any dislocation in an ordinary crystalline phase which can induce local lattice strain, this special linear defect in the Al--Ni--Rh x-phase is of phason type and it does not introduce any strain. Its formation is correlated with the incorrect arrangement of columnar atom clusters. This type of linear defect is identical with the so-called phason line defined for the Al--Pd--Mn x 0 -phase by Klein et al. (1996) . It should be pointed out that, due to the existence of these linear defects for constructing a planar defect in the Al--Ni--Rh x-phase, the characteristic arrangement of atom clusters for the x 0 -structure can be established locally across the planar defect. As a result, the parallel arrays of H-units in each side of a planar defect have a shift of S/2, as can be seen along the black line direction. It is noted that the geometrical linearity and line spacing (=11.7 nm) can be maintained for the Zigzag-arrays along the white dot-line direction, even when they are broken by planar defects.
The Al--Ni--Rh x-phase is capable of accommodating phason defects up to quite high density, so high as to form a kind of unique defect-modulated structure. Figure 2(a) is a HREM image taken from a highly-defective x-phase formed in the as-cast the Al 75 Ni 15 Rh 10 alloy along its [010] axis. In the image, characteristic bright-dot contrasts are clearly observed which correspond to columnar atom clusters. The x-structure is limited within quite narrow strip regions due to the existence of dense planar defects with nearly equal spacing. This fact can be seen easily by viewing Fig. 2(a) at a low angle along the direction indicated with a white arrowhead. Each x-strip is too narrow to include a complete orthorhombic unit cell such as that outlined in Fig. 1(b) . The long white lines in Fig. 2(a) indicate the direction along which the linearity and line spacing (¼ 11.7 nm) remain unchanged for Zigzag-arrays even when they are frequently broken by linear defects of high density. Being as units for constructing a planar defect, linear defects exhibit darker contrast or week dot contrasts at their core areas. A typical linear defect of phason type is outlined by a white polygon in the observed image. HAADF-STEM image taken along the same direction can directly reveal the core structure of a linear defect, in which the blurring or weak ring contrasts implying the illfomation of atom clusters are clearly visible as indicated with dark arrowheads. (see the inset of Fig. 2(a) ).
In order to reveal structural features associated with the high-density defects more clearly, the long-range arrangement of atom clusters determined by the HREM image is schematically reproduced in Fig. 2(b) . On the whole, one can see that the arrangement of atom clusters can form a hexagonal tiling including many non-hexagon (defective) tiles. Narrow strips of the x-phase can be constructed to extend from bottom-left to upper-right along the direction indicated by a hollow arrowhead. One of them is highlighted with bold lines and hatched background. In the view of characteristic long-range ordered arrangement of atom clusters, the so-called S--L arrays such as those indicated by straight black lines can be identified in each x-strip. It can be seen that the neighboring x-strips extend side by side with a planar defect being sandwiched in between.
On the other hand, it is important to note that the narrow strips of the x 0 -structure can also be constructed, crossing those of the x-structure, such as those indicated by black arrowheads. This means that the whole structure of Fig. 1 is actually a mixture consisted of interweaving x-and x 0 -strips with defects of high density being accommodated in it. In this unique structure, there exist many H-units which belong to both x-and x 0 -strips such as those filled with gray. It is important to note that those Hunits can form a quite large periodic framework with linear defects being trapped in such as those indicated with cross marks. This gives a clear picture for understanding the formation and nature of the regular defect-modulated structures in both Al--Ni--Rh x-and x 0 -phases. It is obvious that the formation process of these structurally-complex phases must include the nucleation and arrangemnent of atom clusters. It is therefore believed that different distribution and density for phason defects should be associated with the local variations of composition and temperature during the formation process of atom clusters.
In the Al--Pd--Fe system, a structurally more complex orthorhombic crystalline approximant, which has a large unit cell with lattice parameters of about a ¼ 2.37 nm, b ¼ 1.63 nm, c ¼ 3.14 nm, has been found. This Al--Pd--Fe approximant phase is named as "e 16 ", and its ideal structure can be described as a periodic tiling of pentagon-banana-shaped polygons (P--B polygons) with the same orientation (Balanetskyy and Crushko, Velikanova, 2004) . Our HREM observations and imaging calculations have revealed that, similar to the Al--Ni--Rh x-and x 0 -phases, the Al--Pd--Fe e 16 -phase also contains columnar atom clusters as the most fundamental building blocks . However, due to structural complexity of the Al--Pd--Fe e 16 -phase, the actual structure we observed is usually defective. Figure 3(a) is the HREM lattice image taken from a typical e 16 -phase along its [010] axis in the as-cast Al 75 Pd 15 Fe 10 alloy. The corresponding Fourier transform pattern (see the inset) exhibits a definite long-range periodic correlation for this e 16 -phase, despite the existence of structural defects implying by the presence of streaks and diffused scattering. In the observed image, bright-contrast dots correspond to columnar atom clusters; they arrange with S (¼ 0.77 nm) and L (¼ tS) among them. Furthermore, as can be clearly seen by obliquely viewing along the white dot line in the image, good linearity with a spacing of 11.7 nm for atom cluster rows with Zigzag-arrays can be established. These features are similar to what we have observed in the perfect or defect-modulated x-structures (see Figs. 1 and 2) . However, in an ideal e 16 -structure, all atom clusters should be located at the vertex positions of P--B polygons, rather than at those of any flatten hexagon (H-units) as in the x-or x 0 -structure. As structural units of the e 16 -structure, some of P--B polygons, together with some other non P--B polygons, are outlined in Fig. 3(a) . These non P--B polygons can be regarded as structural defects in the e 16 -structure, since their formation have to involve the wrong arrangement of atom clusters. That is to say, geometrically, they cannot be divided into one or more P--B polygons perfectly without introducing a flatten hexagon. For a clear view, the arrangement of atom clusters determined from the Fig. 3(a) is schematically presented in Fig. 3(b) . When describing in terms of structural units (P--B polygon) and their arrangement, the observed Al--Pd--Fe e 16 -structure appears to be far from a perfect one due to the extensive existence of local defects. However this does not means that its long-range crystlline correlation has been destroyed significantly (see the Fourier transform pattern in Fig. 3(a) ). In order to clarify the long-range structural features of the defective Al--Pd--Fe e 16 -phase, structural analysis based on the long-range arrangement of atom clusters themselves should be taken into account. As clearly illustrated in Fig. 3(b) , long-range ordered arrangements of atom clusters in the form of "S-L array" can be established as indicated partially with straight lines. As mentioned above, the S-L arrays in the Al--Ni--Rh x-phase can be established only along one direction with an equal spacing (¼ 0.73 nm). In contrast, the S-L arrays in the Al--Pd--Fe e 16 -phase can be constructed along two directions with an angle of 72
. They extend to long distence and have definite two kinds of spacing related by t times (0.73 nm and 0.73 t nm). These observations clearly show that long-range correlation for the e 16 -structure can be held although local structural defects of phason type exist extensively. Note that the shift and discontinuity of characteristic S-L array are due to the existence of these structural defects. Unlike the defects in the as-cast Al--Ni--Rh x-phase which can establish a regular arrangement, those in the as-cast Al--Pd--Fe e 16 -phase usually distribute in irregular way. In comparison with the basic structural unit (H-unit) for both the x-and x 0 -phases, that for the e 16 -phase (P--B polygon) is configurationally more complex. We can therefore say that, during the formation process of an Al--Pd--Fe e 16 -phase, the frequency for generating structural defects should be much higher.
Summary
High-resolution electron microscopy has been employed to investigate the structural and distributional features of the structural defects of phason type in the as-cast Al--Ni--Rh x-and Al--Pd--Fe e 16 -phases. We clearly show that, in the Al--Ni--Rh x-phase constructed with flatten-hexagonal units, a mixture consisted of interweaving x-and x 0 -strips can be formed with defect density increasing to significantly high. As a result, regular distribution of structural defects can be established to form an unique defect-modulated structure. In the Al--Pd--Fe e 16 -phase constructed with even more complex basic units, the structural defects can exist extensively with an irregular distribution. Nevertheless, the definite crystalline correlation can be established due to the ordered arrangement of atom clusters in a long range.
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